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SECTION I 


INTRODUCTION 


OBJeCTIVE: This thesis has been prepared with the following primary 
foeective: 

(a) To develop a quick and accurate means for the identification of 
clay minerals thru X-ray diffraction watterns obtained from standard samples. 

Other objectives are: 

(>) To evaluate the methods and techniques developed by Dearth and 
Williams (3) for the preparation of sample specimens. 

(c) To attempt identification of a number of unknown sample materials 
by means of X-ray diffraction. 

(d) To present an extremely complicated subject in such a manner that 
it can be understood by the average Civil Engineer. While it is recognized 
that the majority of Research papers are written for the benefit of other 
investigators in similar work, it is felt that a better understanding of 
fundamental considerations on the part of the practicing engineer will 
considerably increase their appreciation of the problem involved. 

Modern literature concerning research in the field of Soil Mechanics 
makes frequent reference to various new methods for the qualitative and 
quantitative determination of clay minerals. These include differential 
thermal, flame photometer, spectrographic and X-ray diffraction analyses. 
These developments are of direct and immediate interest to the Soil 
Mechanics investigator. Many of them are also of considerable, though 
indirect benefit to the construction engineer. New analytical methods at 
once become the tool whereby much needed fundamental research becomes 
possible in connevtion with an essentirsl oongtrustion medium about which 
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In this enlightened age of the art of engineering, who will say that 
we know all the answers to our fnundation problems! For example, it has 
recently been reported that every air field which has been built in bHurope 
since the end of World War II requires urgent major repairs or else faces 
abandonment as being unfit for use because of a lack of appreciation of the 
foundation problems involved. 

The scil scientist's task is to develop basic concepts and delineate 
primary soil relationships which fhe engineer can then apply with some degree 
of intelligence. 

The work and experimentation necessary to develep an understanding of 
the clay material of the soil is of relatively recent origin, having its 
beginning as recently as 1930. This work has been very closely associated 
with the preblem of base exchange, or the more exact term, catien exchange. 
It was not until 1931 that Jenny and Brown associated the cation exchange 
properties of a soil with the amount and nature of its component clay 
minerals. (1) The development of X-ray diffraction as a research tool made 
it possible to study the finest fractions of clay minerals. It had been 
established by Hendricks and Fry in 1930 that clay material possessed an 
entirely crystalline structure. (2) This work makes it possible to study 
the identification of specific minerals in the soil. 

The amount and nature of the clay content of a soil has recently 
ceme to be recognized as a major contributing factor in the total physical 
properties of any soil mass. The behavior of 2 soil, hence a foundation 
structure, is greatly influenced by the presence of clay minerals even if 
only in small quantities. Clay is the active portion or fraction of a soil. 
“effest.t . eups or families of the ciav minerals exhibit structural. 
cha.acterisctics and physical properties which vary markedly with their 
nature and environment. The engineering properties ef natural seils 
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containing these minerals are directly influenced by them. such properties 
which are of particular significance to the design or construction engineer 
are shear strength and stability; permeability and capacity for drainage; 
together with the degree of ditferential settlement due to consolidation 
under load, to name but a few. 

Before extensive studies of any material are undertaken, it is first 
necessary to determine methods for rapid and positive identification of 
the material. One such method is found in the technique of X-Ray 
diffraction, which has been successfully used for a number of years in the 
field of Metallurgy. In 1951, Dearth and Williams undertook a study of the 
swelling characteristics of certain clay minerals by X-Ray diffraction. (3) 
They were concerned primarily with the development of a sound technique 
for the preparation of sample specimens of clay minerals for X-ray analysis. 
As a result of their work it was possible for the writers of this thesis 
to avply certain equipment and methods developed by Dearth and Williams 
directly to the subject of this investigation. 

Heretofore, investigators have been hampered in their work by the lack 
of universally available clay materials which were uniform in both chemical 
and mineralogical composition. This difficulty has been largely overcome by 
the American Petroleum Institute, which is making generally available 
certain selected naturally occuring clay minerals. These have been 
arbitrarily established as standard materials for reference purposes. 
Accordingly, the writers of this thesis have undertaken the task of 
developing 2 series of representative X-ray diffraction patterns involving 
the use of standard materials obtained from the American Petroleum Institute. 
In this manner it is believed that 2 simple card file system of diffraction 
patterns may be prepared against which the diffraction pattern of an 
unknown sample may be compared for relatively accurate and speedy identifica— 


tion. (4). It is visualized that such a system would operate in much 
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the same manner as a fingerprint file, in which there is one and only one 
pattern for each individual. 

During the early stages of preliminary work on this thesis the writers 
had hoped to undertake a study of the oil bearing sediments of the 
Wilmington Oil Field, which underly the U. S. Naval Shipyard, Long Beach, 
California. (5) It was soon found that largely because of the limited time 
available, the scope of the work would be reduced to a degree which pre- 
cluded making any direct contribution to this project. Nonetheless, in 
view Pe che nature of the project as being largely a problem related to soil 
mechanics work, it's essential details will be related here, The project 
was originally conceived as a result of the rather serious problem of land 
Subsidence in the Long Beach area which has existed since 1940, and which 
has every prospect of continuing until 1962. The subsidence has been 
attributed by many leading engineers and geologists to be directly related to 
the removal of oil, water and natural gas from the Wilmington Oil Field. 

(6) (7) One of the proposals for substantially reducing, or even stopping 
the subsidence is known as the “water re~-pressuring method", by which it is 
believed that bottom hole pressures can be maintained, and further con- 
solidation of the sediments arrested. Ina report of one of the leading 
consulting engineering firms concerned with this problem, there is a state- 
ment to the effect that the clay minerals included in the oilfield sediments 
would have to be considered under a water repressuring program. It was 
hoped that under a program of fundamental research in clays, in which the 
writers are engaged, there could be learned some useful facts which could 
in some small way contribute to a better understanding of this problem. 
Accordingly, the writers contacted the Public Works Officer, U. 5. Naval 
Shipyard, Long Beach, California for assistance in this effort. 
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Cdr. Bentley most generously furnished, for this use, some of the sample 
sediments which had been obtained from virious zones and at different depths 
of the Wilmington Oil Field. The investigations into the identification 
of clay minerals by X-ray diffraction included a study of these sediments. 
The writers also studied: 
(a) Unknown materials which were obtained from the construction site of 
the New York State Thruway. These were obtained at the intersection of the 


thruway with U. S. Highway 9W, Albany County, New York at depths of 82 and 


152 feet. 


(b) Unknown refractory materials obtained in the vicinity of the Bleau 
feeveard, O11 Mill Hill, Troy, N. Y., at a depth of 15 feet. 


(bd) Unknown materials obtained from the construction site of the new 


R.P.I. Dormitories on Burdette Avenue, Troy, N. Y., at a depth of 15 feet. 








SSCTION II 
THE STRUCTURE AND CHARACTERISTICS OF CLAY MINERALS 

GHNERAL 

The clay minerals of major importance may be classified into three 
main families or groups namely, Kaolinite, Montmorillonite and Illite or 
the Hydro-Micas. (3) The typical minerals consist of flat plate shaped 
particles with perfect cleavage. They are micaceous in structure. KHach 
group contains members of essentially the same chemical cemposition but 
of quite different structural arrangement. This variation in the structural 
arrangement results in the formation of the different clay minerals. 
It can thus be shown that chemical analysis alone is not sufficient to 
identify these minerals. For this reason, X-Ray diffraction has come into 
its 2wn as a valuable means of studying these minerals. With this method 
it is possible to detect changes in the structural arrangement of the 
different crystals including varintions in the groupings of individual atoms. 

With respect to physical properties, the Kaolinite and Montmorillonite 
minerals represent the outer extremes of behavior, with the Illites occupying 
4 transitional phase in between. After vears of investigation and experimenta-— 
tion, it was concluded that the atoms or molecules of which matter is composed 
are arranged in symmetrical, orderly patterns. These patterns are considered 
repetitive and are believed to follow a set of laws whereby each fundamental 
combination represents 2 complete unit. Moreover, each such unit is 
Considered capable of combining with other units to forma larger mass. 
It is these building units, both alone and in combination which comprise 


the space lattice. 
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THE SPACH LATTICE 

Inasmuch ag the clay minerals have been shown to be crystalline in 
nature, it is with this group with which we are chiefly concerned. (11) 
If it were possible to break down a crystal into smaller and smaller crystals 
of the same shape, 2 crystal of moleoular dimenaion would result. 
Crystalline eolidse are distinguished by their structural symmetry, that ie, 
complete regularity in ths geometric arrangement of their constituent atoms 
and ions. It will be noted in the section of this theeis titled THEORY 
that an example of euch a molecular unit cell is the silicon-oxygen 
tetrahedron (see Fig. 1 ) on which 4 oxygen atoms rest against each other 
forming a pyramidal group, with a small silicon atom in the center of the 
eroup. Inasmuch as this unit is not electrostatically neutral, it has the 
ability to combine in a chain-like lattice called a tetrahedral silicon sheet. 

The aluminum-hydroxyl octahedron shares electrons in a similar manner, 
thus forming a lattice structure called a Gibbsite Sheet. (see Fig. 2) 
These sheets are the basic elements of the clay lattices. The different 
clay minerals are essentially formed through variations in the combination 
of these fundamental sheets together with wariations in the elenmente present 
witbin thoss latticea. 
KAOLINITE GROUP 

Structure: 

This group coneists of kaolinite lattices atacked upon one another. (8) 
Kach lattice consists of one tetrahedral and one Gibbsite Sheet linked 
together hy covalent bonds (see Fig. 3) Such combination is sometimes 
called a 1:1 lattice. Strong attractive forces between the hydroxyl units 
on one side and the oxygen atoms on the other result in these lattices 
being held together tightly at the contact surfaces. Because of the strong 


attraction between these bonds, it is difficult for water to penetrate the 
lattice. 
pre 
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CHARACT IRISTICS 


(a) Interplanar Spacing: 7.2 A (10-© cm) Regardless of moisture content 
and degree of ionic saturation. 


(b) Expension in Presence of Water: Rel. low 





(c) Base Exchange Capacity: Very low (3 to 15 me/100 gr.)but increasing 
as particle size becomes smaller. 


(d) Sources: Frequently found in sedimentary clays, 


MONTMORILLONITE GROUP 
Sbructure: 

This group consists of the kuolinite lattice together with one additional 
silicon—tetrahedral sheet (see Fig. 4). It is sometimes referred to as a 
2:1 lattice structure. These lattices are held together with relatively 
weak attractive forces because they are electrostatically balanced with 
oxygen atoms on both basal planes. Consequently, varying amounts of oriented 
water dipoles occupy the space between these lattices. This mineral is 
therefore considered to have an expanding lattice structure which may increase 
the center to center distances by more than 100%. Moreover, the loosely held 
condition of the lattice permits easy access by ions. These ions can readily 
penetrate the secondary unseparated interfaces to produce new basal cleavage 
planes along which the particles will tend to separate. The interplanar 
spacing of Montmorillonites is therefore relatively high and varying. The 
pronounced variations in swelling in the hydrated state is accounted for 
by the presence of water and hydrated ions. In the dry state, the amount 
of separation reflects the size of the included dehydrated ion. Mont-— 
morillonites exhibit the phenomenon of isomorphism in that replacement of 


aluminum by magnesium and ferric iron frequently occurs. 
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CHARACT#RISTICS 


(a) Interplanar Spacing: 9.6 to 20. A Depending on moisture content and 
type and amount of ionic saturation. 


(>) Expansion in Presence of Water: Extremely high with volume increases 
in the ratio of 9 to 1 under certain conditions. The mass effect of the 
relatively weak lattice bonds produces a highly plastic material. 

(c) Base Exchange Capacity: Extremely high, (from 60 to 100 me per 100 
grams) with no material increase as particle size becomes smaller. 

(d) Sources: Frequently found in the so-called Bentonite Clays formed 


by alteration of volcanic ash. 


ILLITE GROUP 

Structure 

The Illite lattice is similar to that of Montmorillonite, consisting 

of one gibbsite sheet between two tetrahedral silicon sheets (see Fig. 5). 
The essential difference between the two is that about 15% of the silicon atom 
positions are replaced by aluminum. The resulting excess charges are satisfied 
chiefly by potassium ions which are located between the silicon sheets. The 
structural arrangement of these units is not fully understood, and the 
identification of Illites is therefore a difficult task. 
CHARACTERISTICS 

(2) Interplanar Spacing 10 to 13 A’ depending on the chemical composition 
of the structural units. 

(b>) Expansion in Presence of Water Very low, resulting in a relatively 
constant lattice spacing over a wide range. 

(c) Base Exchange Canacity Relatively 1 ow (20 to 100 me per 100 grams). 

(d) Sources These minerals are reported as being the most widely 
distributed clay mineral in sediments accumulating on the ocean floor. 
Illite is the dominant mineral in most shales, and it is believed that the 


shaly structure is related to its presence. 
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SECTION IT! 
APPARATUS 


The following apparatus was used in connection with the work in thia thosice: 
(a) IONIC SATURATION EQUIPMENT 

A DUMORE high speed mechanical stirring anparatus was used instead of 
hand stirring, to obtain maximum dispersion and ionic hydration of the 
sample in solution. (see Fig. 6) 

An International, size 1, tyne C Centrifuge was used to precipitate the 
clay Peticles after complete hydration and ionic saturation had taken place. 
(see Fig. 7) This replaced the earlier technique of allowing the solution 


to stand for long periods until the suspended solid settled out. It was 


also used in other parts of the work where rapid filtering was required. 


(b) EXTRUDING DEVICE 

Powder specimens in the oven dry state were prepared with the use of 
an extruding device developed by Dearth and Williams in connection with their 
work. A photograph of this unit appears in figure 8. It consists of a 
cylindrical plunger, 2 receiver tube, and a suvporting stand which were 
shop fabricated out of alloy steel to resist corrosion. The bottom of the 
receiver tube contains 2 .020" diameter hole thru which a mixture of 
powdered sample and cement are extruded in the form of 2 paste to forma 
threadlike sample specimen. The snecimen is dry and ready for use in 3 
minutes or less. The sunporting stand portion of the assembly is used 
primarily to hold the receiver tube in an upright position, and to elevate 


the extrusion opening above the level of the working surface. 


(c) X-RAY TUBE 
A General Hlectric, type CA-6 X-ray tube with copper target was used 
as a source of X-rays. It consists of an evacurited tube containing two 
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electrodes. These are the cathode which acts as a source of vlectruns 
and the anode or target. A high potential difference is applied across 
the electrodes by means of an external power source. Under the influence 
of the electrostatic field thus generated, electrons leave the cathode 

and strike the anode with high velocity. The character of the x-rays so 
produced depends in part upon the speed of electron travel, and in part 
upon the material of which the target is made. Only a small part of the 
enerey of the electrons is converted into x-rays upon striking the target. 
The major portion is converted into heat, which is commonly dissipated by means 
of 2 water cooling system. A simplified sketch of 2 typical tube is shown 
in Figure (Q). Figure_(10) is 2 photograph of the assembled x-ray 


generating unit used in this work. 


(d) FILTERS 
A nickel filter was used in this work to screen out undesirable 
radiation. The filter consisted merely of a thin foil of nickel about 
the size of a postage stamp which is vlaced in the direct mith of the x-ray 
beam, across the port opening on the side of the x-ray tube. Aluminum foil 
was tried at first in an effort to use 2 more readily available material. 
However, it was rejected in favor of nickel because of its poor filtering 


qualities. 


(e) HQUIPMENT PROTECTION 





In the use of water cooled x-ray tubes, it is absolutely essential 
that a sunply of circulating water be maintained. If this is not done, 
the tube will quickly burn out thus destroying an expnensive item of 
equipment at 2. replacement cost of approximately $600. To help safeguard 
against such an event, 2 mercury switch protection device has been made a 
feature of the water supply service. It is nevertheless important to 
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check the flow of water by inarycotion apon ayn use of the twee | 
against the possibility of a faulty switch. The caling system pressure 
should be maintained at approximately 20 psi, to prevent disruption of 


the radiation output during fluctustions in the building water supply service. 


(f) PERSONNSL PROTSCTION 
Portable lead shields should always be carefully used to protect 


operating and nearby personnel from the harmful effects of scatter 
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radiation. 


(g@) X-RAY DIFFRACTION CAMERAS 

The Debye-Scherrer Powder Camera was used to produce the strip films 
for this thesis. This camera was used for about 80% of the total film work. 
A photograph of the Debye-Scherrer diffraction camera is shown in 
figure 1l. This camera operates on the principle that a portion of a 
directed x-ray beam will be reflected from a sample specimen and 
recorded on a strip of x-ray film. The extruded powder sample is placed 
into a holder or receiver chuck in the center of the cylindrical body of the 
camera. The camera cover containing the x-ray films is placed in position 
and the assembled camera adjusted to 2 position in front of the x-ray 
tube in the direct path of the x-ray beam. The cansra in position is fllus- 
trated by the photograph in Migura 10. . An absolutely parallel 
X-ray beam is stopped with a slit, so that only an extremely thin pencil 
of x-ray enters the chamber. The incoming beam strikes the powder 
specimen, with part of the direct beam continuing on to strike the curved 
strip of film at producing a dark spot. The rest of the beam is 
diffracted or reflected to produce 2 cone of radiation. The concentric 


ring patterns on the film can be considered to be the trace of the cones 
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of radiation upon the film. Ina perfectly random orientation of crystal 
planes, a series of perfect and well defined concentric circles will result 
forming a pattern which is characteristic of the material being examined 
Hach ring corresponds to one angle of diffraction. It's properties are 
defined by Bragg's equation which is discussed under the section entitled 
Theory. 

In order to examine the innermost rings more closely, and toa 
larger scale than is possible with the strip film (Debye-Scherrer) 
the cassette camera is very useful. Essentially this camera is based on 
the principle of using a flat filn in lieu of a curved film strip. When 
using a flat film each diffraction is recorded as a circular diffraction 
halo around a central spot. A photograph of this unit is shown in Fig. 12. 
The cassette or flat plate camera has its greatest usefulness in precision 
determination of large interplanar (lattice) guacings, with oorrespondingly 
small circle diameters which are often not revealed by the strip cameras. 
This was necessary in some, but not all of the samples used as will be 


explained in the PROCEDURE portion of~this report. 


(h) FIIM 
Kastman Kodak Type K film was used throughout the work 
(i) DEVELOPING AND PRINTING 
Standard Kastman Ca. chemical solutions were used for all developing 


and printing. 


(5) FILM MEASURING DEVICE 
This equipment consists of nothing more than a vernier calibrated 
scale and light chamber which is used to measure the ring diameters on X—ray 
diffraction patterns.(See Fig. 13) With the use of Briee's Law, the inter- 


nlanar distances may then be comouted with relative ease and accuracy. 
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(11) ETHER EXTRACTION APPARATUS 

A SOXHLET sther extraction apparatus as shown in Fix. 14 was used to 
remove the heavy film of vetroleum with which the Lone Beach sediments 
were permeated. The equipment consists of a pyrex extraction flask, 
Siphon tube and condenser. A sample of the sediment is placed at the bottom 
of the siphon tube ina pyrex thimble containing a porous glass filter in 
its base and ether placed in the extraction flask. Heat was supplied from 
a laboratory steam table at a temperature of about 150 F, which boiled 
the ether off into the condenser. The condensate was then returned to the 
flask by filtering through the sample sediment. This apparatus operates 


continuously, requiring only intermittent attention. 
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SECTION IV 
THEORY 
GENERAL 
The study of the inner structure of matter in order to provide a better 
picture of the exterior form and behavior has long perplexed the world's 
scientists. In 1912 M. lIaue, noting that the lattice of crystalline 
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substances had a spacing between planes of several A (10 ~ ecm), theorized 
that X+rays whose wave length is of similar order might be used in the 

study of the inner structure of matter. Laue's theory was based on the 
diffraction of the x-ray beam from crystal faces or from planes made up of 
regularly spaced atoms and molecules. These planes would provide a naturally 
ruled three dimensional grating with just the right order of distance 

between rulings to ensure diffraction of the rays. Subsequent experiments 
proved highly successful, providing 2 photographic image of circles of 

spots produced by the diffraction beam, surrounding 2 central dark spot 
produced by the direct ray itself. In England, W. L.Bragg and his son 

(9, 16 and 17) were immediately aroused by Lave's discovery and accordingly 
set out to reduce this theory to a mere usable form, Their work resulted 

in a method of analysis of crystalline substances which has served as the 
basis of subsequent x-ray diffraction studies. In brief, the Brage's 
demonstrated that x-ray patterns could be regurded as being produced by 
mirror like reflections of the electromagnetic waves of the x-ray bean, 

by regularly spaced plane sheets of atoms which make up the crystal structure. 
As a result of this work, it is now possible to determine the size of cells, 
the number of molecules per cell, the Inttice tyne and space grouping of 


crystalline matter. 
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Prior to proceeding further in the theory of x-ray diffraction, a brief 
explanation will be given of the two main components of this work, namely 


crystal structure and x-ray waves. 


CRYSTAL STRUCTURE 

Practically all chemical compounds and elements exist in crystalline 
form characterized by their external geometrical shape. <A crystal is 
essentially a pattern, the atoms being arranged in families or groups in 
such a’manner that the same configuration is repeated at regular intervals 
in all three dimensions. The basic unit from which the pattern is created 
is termed the unit cell from which the overall pattern is made by stacking 
unit cells one on top of another. Those surfaces where the pattern has the 
highest concentration of atoms or ions are commonly referred to as the 
crvstal faces or planes. When a pattern is three dimensional as found in 
cryatalline structures, the array of points at which the pattern repeats 
itself is called a space lattice. The actual points themselves are termed 
lattice particles or points. Any plane of 2 crystal occupied by lattice 
points is referred to as a crystal or net plane. Crystal faces are always 
parallel to the net planes. Further, external surfaces or faces are porallei 
to the more densely populated net faces. Although the method of outlining 
the unit cell is somewhat arbitrary in practice, the choice of a unit cell 
for a given crystalline structure is generally determined by considerations 
of convenience and conformity with a symmetrical arrangement. Physical 
definition is accomplished by designating the lengths of edges a, b, and 
c and the angles between these edgesok B and Y as shown in figure 15. 
These edges are called unit translations in the pattern. Normally crystals 
have three unequal axes a, b and c enclosing anglesXB and Y ee galieh heads 


not at right angles. However, the majority of crystals are based ona 
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lattice structure, which has some form of symmetry. In more detailed 
crystallographic study, it has been found that there are fourteen seyarate 
and distinct lattice structures. Orystallographers have also found that 
the slower the rate of crystallization the more perfect are the resulting 
crystals. Therefore, those whici have attaized perfect equilibrium 
through long periods of cooling have perfectly plane faces which meet in 


sharply defined edges and corners. This has special significance for the 


study of the structure of soils since soils ire the product of the de- 
composition of rock, which has had infinite time to cool. 

A commonly used procedure for snecifving crvstal faces is throuch 
the use of the MILLER INDIC#S, which utilizes three letters h, k and 1 to 
indicate intercept 5 on the x, y and z axes respectively. These indices 


are such that a face which is parailel to an axis has a corresponding 


index of zero. 


X-RAYS 

The discovery of x-rays in 1595 by Roentgen has had far reaching 
effects on many branches of science. X-rays are electromagnetic waves, 
which to date mean many things ts many people. A better concevt of wave 
motion can be obtained by visualizing the tossing of a stone into a pool 
of water from which develones ripples traveling outward in concentric circles. 
These waves are caused by vibrations of the water, which gradually fade 
out, with the resultant ripple movement becoming weaker, A wave length in 
this case would be the distiunce from the peak of one wave to the peak of 
the adjacemt one. This distance is generally designated by the Greek 


eter X . A close study of these waves would reveal that their lengths 


are not uniform due to the dampening effect of the waves on each other. 
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A uniform wave length could conceivably be produced by dropping a stone 
with a string attached into a pool of water and withdrawing it at equal 
time intervals. This would produce a wave length with no dampening effect, 
Since a new wave would be produced each time the stone is dropped or 
withdrawn. Though this is a simplified explznation, it is believed that 
light waves, which result from the disturbance of the surrounding medium 
due to vibrations of particles, behave similarly. The major differences 
with the analogy given is that light waves travel in three dimensions. 
Thus, electromagnetic waves, which are similar to light waves have 4 wave 
motion of spherical extent. Depending on the length of the waves caused 
by different disturbances, a determination can be made of the various types 
of wave mechanics. lUxtremely long waves can be felt as warmth given off by 
the body emitting such waves. As the waves become shorter, they reach a 
range where they are actually visible. Continuing to even shorter waves, 
they again become invisible and cannot be felt. One of the shorter 
invisible wave ranges is referred to as the x-ray zone. These waves have 
a wave length of several A (1078 cm) and are produced by the impact of 
extremely fast moving electrons ona solid surface. In brief, this is 

the principle of the x-ray tube, where electrons are shot out from a 

piece of metal (cathode) on to what is termed the anticathode from which 
X-ray are emitted. X-ray upon striking a medium cause forced oscillation 
of the obital electrons of the atoms which they traverse. These electrons 
absorb energy from the x-rays when moving away from the nucleus and radiate 


energy in all directions when moving toward the nucleus. 


BOMBARDMENT OF CRYSTAL FACES WITH X-RAYS 
To obtain deflection from a wave striking a surface, it is necessary 
to have discontinuities or irregularities on the surface of the deflecting 


medium of approximately the same order as that of the deflected wave. 
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In the case of X-ravs where the wive length is extrenely short, these 
irregularities must be quite small. Fortunately, nature provides an 
ideal medium in crystal structures to conduct such studies. 

A somewhat simplified version of the phenomenon of the bombardment of 
4 crystal with x-rays is shown in figure 16. Lines 1, 2, 3 and 4 
correspond to the lattice planes, at which points the pattern of the arrange- 
ment of atoms or ions is repeated. Let it be assumed that a parallel 
beam of x-rays, A, B and C enter the crystal from the left. To further 
clarify the diagram, wavy lines are superimposed over the dotted lines to 
show the wave length of the x-ray beam. Ray A of this beam first strikes the 
crystal plane at point Z and is partially deflected to the right along the 
path L; the remainder of the ray passes through the first plane and is 
partially reflected by the second plane along path M in 2 direction mirallel 
to the reflection of the first and then passes through successive remaining 
planes as shown, To simplify the sketch, the reflection of the lower two rays 
upon striking the first plane at points X and Y have been omitted. That 
portion of ray B which has not been reflected at point Y will strike plane 
2at noint Wand be reflected as shown by the dotted wavy line along path L. 
Continuing to plane 3, ray B strikes the plane at point V and is reflected in 
the direction of M. Referring to the law of ontics (18) it will be 
observed that the wave length selected is such that the distance between 
planes corresponds to one-half of a wave leugth. In this instance, Ray B, 
upon reaching point W and being partially reflected, reinforces the 
portion of ray A reflected at point Z. If a wave length had been selected 
to say one-thirc of the distance between planes, it is easy to see that the 
effect would be that of the various waves counteracting rather than 


reinforcing each other. Thus it is seen that reinforcement is only possible 
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if distance ZW corresponds to one wave length or some multiple thereof. 
It may be stated that YW is equivalent to oe where nis a positive interger. 
This statement can be further simplified by replacing the distance ZW with 
the angle of incidence © , and the distance < between eed as shown in 
Eieure 17. In the triangle 2, = sin 9. Since 7.0 = ae ZV must be 
equal to 2d. Thus, from this data can be written the fundamental law of 

ref lection: nd= 2d sin 9. This equation as developed by the Bragg's 
(16) gave a practical solution to the x-ray diffraction problem. It can be 
seen Bhat the formation of pencils of light, resulting from reinforced rays, 
is premised on the existence of equally spaced planes in phase with the 


wave lengtn of the x-ray bean. 


DATA OBTAINED FROM X-RAY DIFFRACTION STUDIES 

Information obtainec by directing an X-ray beam at a crystalline 
substance enabled the calculation of the location of atoms which make up 
the unit cell (svace grouping of the smallest number of atoms making up 
a complete crystal structure). The theory as originally developed by 
Iaue necessitated the use of well grown anc dcevelopec crystals, which made 
X-ray diffraction methods of little value for the colloidal physicist. 
As a result P. Debye and P. Sherer (9 and 17) developed a method of 
X-ray diffraction study for substances aviilable only in powder forn. The 
reasoning used was that if a crystal is ground to a fine powder, it can be 
assumed that a mass of this powder will have crystal faces present in 
absolute random orientations, Thus, if a powder specimen is subjected to 
an X-ray beam, it is to be expected that the multitude of lattice planes 
will lie in all of the angles called for by the deflection equation 
producing halo or conical penciis of light. The position of these cones 


are recorded on film placed perpendicular to the cone axis. These 
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diffraction lines or rings as shown in figure 18 represent all familics 
of planes in the crystal and are normally referred to as powder patterns. 
Prom this discussion, it is apparent that crystal structures with definitely 
fixed distances between planes will produce identical x-ray patterns. 

On the other hand, if the distance between planes is maintained, 
but the distance between atom centers within individual plane surfaces 
is varied, the diffraction pattern will either expand or contract. However, 
if the space arrangement is altered, the diffraction pattern is changed. 
Upon examining x-ray diffraction patterns, it will be observed that the 
lines have varying intensities depending on the angles at which the 
reflection occurs, the number and arrangement of atoms in the lattice, 
perfection of the crystal irradiated by the x-ray beam and methods 
employed in photographing the crystal. It may, therefore, be stated that 
X-ray patterns serve as fingerprints of the various crystalline substances. 
Actually, this pattern represents 2 summation of all of the components of the 
crystal. Further, the intensities of the lines revealing variations in arrange- 
ment of atoms is an indication of the relative quantities of matter present 
faethe crystal. (9, 10, 15, 16 and 17). 

It has been found that if a constituent is present to an extent less 
than ten percent, the lines may be completely obscured by those substances 
present in larger quantities. (10) In short, the entire art of crystal 
analysis revolves around the determination of the atomic arrangement, which 
for other than general observations is far too complicated to be included 


in this investigation. 
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Certain repetition of material covered in the section entitled 
Structure and Characteristics of Clay Minerals will be noted, however, in 


the interest of continuity, such duplication appears justified. 
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The clay minerals have had infinite time to establish complete equilibrium 
in nature and are, therefore, ideally adapted to X-ray diffraction analysis. 
Though some qualitative work has been performed in this field relatively 
little quantitative work has been accomplished to date. The clay minerals 
have a layer lattice type structure, which is micaeous or platy in 
appearance. The small thin sheets are irregular in shape and in general have 
perfect cleavage. The principal components of the various lattices of the 
clay mineral are the covalent silica-oxygen tetrahedron and the alumino- 
Mroxyl octahedron unit cells discussed in more detail elsewhere in this 
report. These unit cells form sheets called the Gibbsite and tetrahedral 
Sheets, which are bound together by electrostatic forces. 

X-ray patterns of clay reveal two separate series of lines. (10) 
The first is due to the two dimensional crystallites (indices h, k and 1). 
The second results from a single series of orders, indexed 001 (the 
crystal plane being perpendicular to the xy plane) due to the intersheet 
separation. The latter series of lines are the ones that are of primary 
concern to the soil investigator. Changes due to adsorption are shown 
in the second -_ oniy. These lines or pencils of light clearly indicate 
any expanding lattice tendencies of the cliy mineral. They also provide 
information relative to the nature and number of cations absorbed on the 
surface of the lattices and the quantity of water present. (2, 10, 13 and 
14) An expanding lattice is quite pronounced in Montmorillonites, but hardly 
preceptible in Kaolinites. The structural arrangement of the Montmorillonite, 
where a gibbsite sheet is helc between two tetrahedral sheets with 
oxygen bonds on the outer lavers of both sheets results in weak attractive 
forces between the layers or planes. On the other hand, Kaolinite consists 
of a single gibbsite and tetrahedral sheet with hydroxyl bonds on 
one side and oxygen on the other with a resultant strong attractive force. 
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In the actual application of X-ray diffraction techniques to the 
identification of clay minerals, the interpretation of the various diffraction 
patterns requires computation of the interplanar spacing (distance between 
sheets or planes). From the computed spacings, a comparison can be made 
with some known standard such 2s Hannawalt's (10 and 15) or with results 
obtained by other investigators from known clay mineral samples. In addition, 
a comparison of relative intensities of the lines of the individual patterns 
provides information concerning the amount of the various components making 
up the clay mineral. Thus, the method of X-ray diffraction has quantitative 


as well as qualitative aspects. 
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SECTION V 

PROC#DURE 
GJNBRAL 

Bedford, Indiana Hallovsite (h-12); Macon, Georgia Kaolinite (H-4); 

Morris, Illinois Illite (H-36); Pioche, Nevada Montmorillonite, Gouge Clay 
(H-32) and Otay, California Montmorillonite, Bentonite (H~24) were 
selected as being revresentative of the overall field of clay minerals. 
For ionic saturation of these clays, it was decided to use Hydrogen, 
Sodium, Potassium and Calcium since these have been used by the majority of 
previous investigators and are commonly found on clav particles in nature. 
Hereinafter the chemical symbols for these elements will be used. 

Inasmuch as tne expansion or swelling characteristics of the various 
clay minerals is a major consideration in engineering work, specimens of each 
mineral were prenared with various ionic saturntion. Both oven dry and 
hydrated forms were used. Oven dry samples were heated for twenty four 
hours at 110 C. Hydrated samples were mixed with distilled water in a high 
speed stirrer for 20 minutes. The experience of previous investigators 
(3, 9 and 10) indicated thit the shirpest diffraction mtterns were obtained 
by using particles passing a 200 mesh sieve. This was used as an initial start- 
ing point in the determination of the most desirable particle size. 
Subsequent tests indicated that particles appreciably larger than this size 
would produce spots rather than rings on the diffraction pattern. Though 
the investigations were inconclusive, it anpeared that particles smaller than 
those passing 21 325 mesh sieve would also give 2 poor pattern, It was there- 
fore concluded that material passing a 200 mesh sieve is, in general, 
satisfactory for 211 minerals except the Illites, where spotty or grainy 


patterns were obtiined with this size. Time and equipment limitations pre- 
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cluded further study along this line. Therefore, as 2 preliminary step, all 
samples were ground with a mortar and pestle until they passed a 200 mesh 
sieve after which they were dried in an oven for twenty four hours at a 
temperature of 110°C. 


HOMO-IONTC SATURATION 





Peptizing the clay minerals was accomplished by following the procedure 
adopted by the International Society of Soil Sciences (11). Four grams of the 
nateri2zl passing a 200 mesh sieve were boiled for five minutes in thirty cubic 
centimeters (cc's) of six percent hydrogen peroxide. This treatment was 
intended to remove organic material which might have been retained on the 
particles and which would have effected subsequent diffraction patterns. 

The residual hydrogen peroxide was removed by centrifuging and piping off 
the supernatant. In order to leach out those monovalent or divalent ions, 
which frequently occur on the particle surface in nature, the sample was 
treated with twenty cc's of 0.17 normal hydrochloric acid. Strongly held 
hydrogen ions of the hydrochloric acid replaced the originally held ions 


giving a hydrogen saturated clay, 21s shown in the following: 


C: HCL H 
* ’ CLAY 


CLA I eg 
M Mg leached and washed lel 


The HCL saturated mixture was centrifuged and the remaining liquid poured off. 
In order to correlate this investigation with other published reports with 
regard to the conpleteness of ionization as related to the pH value, a pH 
reading was taken of the HCL supernatant using a standard Beckman pH meter. 
Hosking (12) has conducted 1 study relating pH values to the degree of 

cation exchange and has concluded that the maximum cition exchange caricity 

is attained with a pH value of 9.0. He further reported that the material 


has a mininum ion content with pH values as low as 5.0 and that the degree of 
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saturation rapidly diminishes beyond a pH of 9.0. It might be stated that other 
investigators have found that maximum ionic saturation is achieved with pH 
values ranging from 8.4,Bradfield and Allison (1933) to 10.0 or 11.0. 

Hissiak (1924) and Page (1926). In view of these differences it was 

determined impractical to adjust the pH values to any predetermined value. 

The sample was then washed three times with distilled water in order to 

remove the dissolved carbonates and the replaced ions. At this point, 

the four gram sample was equally subdivided into four individual flasks. 


o 


One of the flasks was labeled _.____ mineral, hydrogen saturated. 
The remaining three subdivisions were peptized with Na, K and C ions 
utilizing the following procedure. Approximately thirty cc. respectively 
of 0.008 normal sodium hydroxide, potassium hydroxide and calcium 
hydroxide was added to three flasks containing approximately one gram of 
hydrogen saturated sample. This mixture was beat for twenty minutes ina 
Maen Speed stirrer after which it was centrifuged and the supernatant 
Withdrawn. The fourth flask contained the previously prepared sample 
treated with H ions. A pd reading was made of the residual base 

resulting from the centrifuging process. The four samples were then each 
divided into two categories; one to be dried in an oven for twenty four hours 
at 110 Gand the second to be hydrated by mixing the sample with distilled 
water in a high speed stirrer for twenty minutes. The hydratec samples 
were placed in a test tube to develop maxinum hydration and for convenient 
storage prior to being prepared for X-ray diffraction. This enabled 
X-ray studies to be made of oven dried and hydrated specimens of 
Halloysite, Kaolinite, Jllite, Montmorillonite, Gouge Clay and Mont- 
morillonite, Bentonite,each being saturated with H, NA, K and Ca ions. In 
addition specimens were preparedof all five minerzls in their original or 
as received condition in both an oven dry and hycrated state. 
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PROCESSING SAMPLe FOR PHOTOGRAPHING WITH X-RAYS 

Inasmuch 2s the primary purpose of this investigation was to study 
the diffraction pattern of various minerals as distinct from 
establishing vrocedures; the techniques employed by previous investignrtors 
were initially emploved. Consequently, the ontimum thickness of specimen 
for exposure to the X-ray beam as recommended by Dearth and Williams 
and others (9 and 10) was accepted. Their study revealed thit from the 
relationship t=2/,;,, where Z is the linear adsorption coefficient 
and a tod & p( <4/p), that a thickness of 0.20 mm. is most effective. 
Subsequent experiments with bcth smaller and larger thickness of sample 
appeared to have little or no effect on the final results. Previous 
investigators have found that the size of specimen has its greatest 
Significance in studying materials with high atomic weights. Reports of 
previous workers in X-ray diffraction (9, 10, 11, 13 and 14) were reviewed 
to determine the most effective method of mounting the specimen in the camera 
chuck holder. These pavers indicated that glass tubes, cellophane tubes, 
various types of plastic tubes, prenarartion of snecimen between glass slides 
and 2 method of extruding the sample into a thread had all been used. 
Since the extrusion procedure anveared simpie, provided acceptable patterns 
and the device was available, it was decided to use this procedure for the 
first few exnosures. Essentially this method consists of mixing the fine 
clay mineral powder into a stiff paste using household Duco cement or 
some other suitable binding miterial and extruding the material through an 
extruding devide (see APPARATUS) into a cylindrical thread. ixperiments 
with various binding materiils suggested that collodion was more effective 
than Duco cement in that it is initially more fluid and has a much nore 
rapid rate of hardening. An alternate method was also tried consisting 


of filling smill plastic tubes with the dry powder by sticking the tube into 
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the powder and then packing it with a wire rammer. Whereas, the results 
were satisfactory, this technique did not provide as sharp a pattern as 
obtained with the extruded threads. This was undoubtedly due to the reduction 
in the reinforcement of random orientations of the crystal faces. In 
addition, this latter method was found to be extremely tedious and time 
consuning. The method employed by many metrllurgists of using cellophine tubes 
into which the powder is picked wis rejected for the same reasons. Informal 
discussions with metallurgists suggested that they do not find this method 
Pitirely satisfactory and are attempting to develop a better procedure. 
The extrusion method was, therefore, used for nreparation of 211 oven dry 
specimens. 

While the extrusion method was adapted to dried samples, it could not 
be used for the hydrated samvles where contact with air would cause the 
sample to lose much of the loosely held water. Therefore, a method had to 
be devised which would insure the specimens remaining completely hydrated 
throughout the entire period of exposure to the X-ray beam. This problem 
was fiven considerable thought and as an initial step, hydrated specimens 
were extruded using no binder excent the water of hydration. After extrusion, 
the specinens were dipped in coll<tion in order to seal the sample. 
It was found, however, that the drying process of the collodion removed a 
considerable amount of the water from the simple. As another possibility, 
small diameter, (approximately .0200")zlass tubes were drawn. The tubes 
were filled with the hydrited slurry by utilizing the capillary tendencies 
of the hydrated material. It was found that the slurry would rise toa 
height of approximately one inch. Once the tubes were filled, they were 
sealed at both ends with collodion. This progedure proved to be technically 


satisfactory; however, the exposure time was doubled over that required by 
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other methods. It is believed that this increase was due to the thicknoon 
of the walls of the tube and the high X-ray adsorption oharacteristics of glass. 
An improved method of drawing the tubes, so as to get extremely thin walls 
would undoubtedly prove this procedure satisfactory. The method employed 

by Dearth and Williams was next imvestigted. In brief, this procedure 

is one of coating annealed copper wire with a plastic material made from 

ethyl cellulose dissolved in nethyl ethyl ketone and xylol. Upon being 
thoroughly dried in an oven at 50 0, the plastic coat or tube can be 

removed by stretching the wire at its ends, thus reducing its diameter and 
causing the wire to separate from the plastic material. Numerous experiments 
were tried with various wire sizes and although better definition was obtained 
with larger tubes due to the larger number of random orientations and greater 
strength achieved, it was necossary to adhere to the optimum size specimen 
referred to in connection with the oven dried svecimens, in order to reduce 
distortion. Tubes 0.025 inches in diameter were finally selected as most 
satisfactorily meeting all requirements. In attempting to arrive at the 

most efficient coating procedure, it was found that a single coat was 
inadequate and that too many coats would result in the tube wall being too 
thick. It was finally determined thit the best procedure was to dip the 

tube, hang it verticilly for approximately ten minutes and then dip the wire 

a second time. The coated wire was then placed in the oven. Various drying 
times and temperatures were tried. In so far 1s temperature is concerned, 

it is believed that the temperature used by Dearth and Williams of 50 C 

is the most desirxble; however, it was found that little difference could 

be noted whether the tubes were dried for twelve or forty-eight hours. 

The technique finally adopted was to cut the wires into two inch lengths, 
Since tubes approximately one and one—half inches long were required, 

double dip the wires and allow twelve hours drying time. Using this procedure 
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tubes were made up in lots of twelve to fiftesn at a time after which they 
were stored until required. <A photos:ranh of one of these tubes is shown in 
figure 19. 

These tubes were filled by pipetting approximately two cc's of the 
hydrated sample into 2 shallow dish, which was allowed to air dry for 
approximately one hour to permit the top layer of water to evaporate off. 
The plastic tube with its original wire ina loosened condition on the 
inside was inserted into the slurry and the slurry slowly pulled into the 
tube by gradually withdrawing the wire. This created a vacuun sucking the . 
slurry in behind the withdrawing wire. The plastic tube was then sealed 
at both ends with collodion. After being allowed to dry for approximately 
twenty minutes, the filled tube was placed into a test tube filled with 
distilled water. This enablec mass production filling of the tubes and their 
subsequent storage until required. Investigations of tubes stored in this 
manner for severai weeks reverled that the hydrated material remained in 
mertect condition. 

PROCEDURE FOR PHOTOGRAPHING THE SOIL SPECIMENS 

The extruded oven dried threads and hydrated plastic tubes specimens 
were both photographed in a Debye-Sherrer powder camera by placing the 
specimen in a chuck holder 2s shown in figure 20. Previous investigators 
have found that the Kodak, tyne K, X-ray film gave the best definition of 
lines at a relatively fast rate. The X-ray tube used is referred to as a 
copper A-ray tube. More svecifically this means that the tube uses the 
CK line of the K series of copner for radiating the X-ray beam. for 
investigations involving larger spacings, molybdenum tubes would probably 
be superior; however, equipment availahility and time considerations made 


it appear desirable to use other means described later in this report. 
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A nickel filter was used to exclude from the directed beam, those X-riys 
which are longer than the interplanar distance of the clay minerals. 

With a conper tube and nickel filter, it was found that the exposure time 
varied between three to six iours depending on the distance of the specimen 
from the X-ray tube. 

In photogriphing clay minerals with lirge interplanar spacings 
(distance between planes) the Debye-Sherrer powder camera and copper X-ray 
tube combination wrxs found inadequate since the innermost rings, resulted 
fron we largest spacing. Consequently, these innermost rings appeared in 
that region on the filn, opposite the collimation spindle, where the hole 
was punched or where the central portion of the film was shielded by the 
X-ray trap. The solution of this problem involved two steps; first, the use 
of a flat cassette camera (see APPARATUS), which did not have an obliterated 
central area; and second, an increase of the distance from specinen to filn 
from 2.85 cm. to 6.0 cm. This modification in technique proved to be 
satisfactory to photograph the inner ring. However, the flat cassette pro- 
cedure does not give circles of large radius (small interplanar spacing) 
and the definition was in general poor. Consequently, for those minerals 
with large interplanar smcings, namely Montmorillonites and certain 
Illites, the two procedures were used together. The cassette camera was 
used to photograph the innermost ring only and to cross-check the smaller 
rings photographed with the Debye-—Sherrer camera. As a matter of routine 
all of the clay minerals studied were photographed with both cameras; 
however, it was found that only the aforementioned cliy families had 
Smaticinner rings. 

In developing the resulting diffraction natterns, standard dirk 
room procedures were used. The film was developed for seven minutes in 








standard developing solution, washed for one minute, fixed ina standard 
fixing solution for sixteen minutes, washed for twenty minutes and then 
allowed to dry. These times are somewhat flexible and should be varied 
depending on the strength of the solutions used. 

ADDITIONAL SAMPLES 

In addition to the aforementioned samples, identification tests were 
run on the following samples referred to in the INTRODUCTION: 

(a) two samples from the Corning Hill area intersection New York 
Thruway and U. S. Route 9W, Albany County, New York, (one at a depth of 
eighty two feet and one from a depth of one hundred fifty two feet); 

(>) one sample of refractory clay (Bleau Brickyard) from Oil Mill Hill 
area, Troy, New York (depth of fifteen feet); and 

(c) one from the newly constructed R.P.I. dormitories on Burdette 
Avenue, Troy, New York (depth of fifteen feet), 

These samples were prepared and photographed in the same manner as 
that described for the five known clay ninerals, in both an oven dried 
and hydrated "as received" condition. Although homo—ionic saturation would 
undoubktedly provide additional information on these unknown clay minerals, 
it was considered that such procedure was not necessary in simple 
identification. 

Further, as a sunplement to this study, in attempt was made to 
identify the clay friction in the oil bearing sands underlying the Long 
Beach Shipyard are1, Long Beach, California. These samples as received were 
coated with oil, necessitating some means of removal of this oil before 
Specimens could be prepared and photographed. It was by no means certain 
that even if the snecimen could be prepared wita the oil surrounding the 
particles that the results would nut be seriously effected. Accordingly, 
various schemes were employed to remove the oil; initially the samples were 
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repeatedly washed with acetone. It was found that this procodu:c s0nmwer 
only 2 portion of the oil at best. 

An ether extraction apparatus (see APPARATUS) which is commonly used in 
determining the oil content of soils was then tried. Several samples were 
placed in this device and the ether permitted to alternately evaporite and 
condense, thus washing the material for an eight hour period, after which 
it appeared that 211 or most of the oil had been removed. These samples 
were sieved and specimens prepared for vhotographing in accordance with the 
previously described procedure. The patterns so produced contained large 
spots in more or less ring patterns rather than the distinct rings obtained 
from clay minerals, see figure 21. This immediately suggested two problens, 
namely that the specimens contained a large quantity of quartz crystals and 
second that the particles were too large. Accordingly the sample was sieved 
in a 325 mesh screen and specimens prepared. The patterns of the specimens 
photographed from this finer mterial also had a spotty appearance, as 
shown in figure 22. It was then decided that the spots were due to a 
Precominance of qnertz crystals and that possibly a procedure could be 
develoved to separate the colloidal fraction from the sample. Two separate 
methods were tried in an attempt to accomplish this separation (11). 

First, a sedimentation process was used wherein the sample was dropped 
into a tall beaker of water to allow the coarse quartz material to fall out 


While the smaller colloidal particles remained in suspension. When the 


larger quartz particles had fallen below a predetermined level in the beaker, 


the finer material above this point wis pipetted off in solution. This 
colloidal solution was evaporated, but unfortunately the quantity of 
colloidal material retained was so small as to be of no value. 

Another procedure used was to make up a solor solution of material 
passing the 325 nesn sieve, which was centrifuged to obtain stratifications 
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of the material. Visual inspection indicated that only the topmost layer 
consisted of nongranular material. This layer was carefully removed; however, 
the quantity received proved to be too smali to be of use. Accordingly, no 
further X-ray diffraction work could be accomplished with these samples, 
Since the clay content was too small for the removal of a sufficient quantity 
to be photographed with the equipment availabie. In order to add further 
confirmation to this finding a specimen was given a differential thermal analysis, 
This test indicated a minimum amount of clay mineral. A veological study 
et the Peamular material indicated that the primarv constituents anpear to be 
quartz, mica and unweathered feldspars. It can be surmised that the samples 
were depleted of the major part of their originally contained clay through 
cil pumping operations. Moreover, the normal handling of the samples in 
preparing them for this investigation undouttedly resulted ina loss of 
some of the clay material. 
READING THY DIPFRACTION PATTHRN AND COMPUTING THE INTHRPLANAR SPACING 

The radii of all visible rings on the film from both the Debye~Sherrer and 
Cassette type cameras were read by using the measuring device described under 
APPARATUS. Computations were then made using the Bragg's law discussed under 
THEORY, as shown in figure 23. 
INTERPRETATION OF DIFFRACTION PATTERNS 

The interplanar spacing for all visible rings were computed and recorded 
together with the relative intensity of each ring as determined by visual 
comparison. The most intense ring had a relative intensity of one, the 
second most intense two, etc. Throuzh the combination of actual photograph 
of the diffraction patterns the interplanar spacings and relative 
intensities, 2 finger print is obtained of the specific type of clay mineral. 
By taking 2 pattern of an unknown clay miner«1 with its computed interplanar 
Spacings, an identificition can be made by comparison with known patterns and 


Spacings. 


Another method used in this investigation was to relate the results. 
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obtained with standard ASTM cards of certain of the clay minerals. 
Normally in this vrocedure, which is known 2s the Hannawalt Method, 
(10 and 15) only the interplanar spacings of the three most intense 
lines are used. It was found that the rather rough method used in 
getermining relative intensities, together with the similarity of intensity of 
certain of the brighter lines makes this method somewhat difficult. There- 
fore, greater reliance had to be made on the interplanar srmacings with 
subsequent correlation of relative intensities. 
POSITIVE PRINTS OF PATTERNS 

Positive contact prints of all diffraction patterns were made on 
glossy printing paner using standard photographic printing procedures. 
It is desired to emphasize that the contact prints reveal considerably 
less data than shown on the negative. Consequently, only the negative is 


used for computation work, 
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SECTION VI 
RESULTS AND CONCLUSIONS 


STANDARD X-RAY DIFFRACTION CATTERNS 





Interpretation of the diffraction patterns obtained from exnosure of 
clay mineral syvecimens to an X-ray beam was limited to an analysis of 
the maximum intervlanar spacings of the planes or faces making up the 
crystal structure of the clay minerals, A tabulation of 211 interplanar 
sp2cings found in the five samples examined is given in APPENDIX A, © 
A Peay of the smiller interplanar svacings requires an extensive 
knowledge of crystallography, which is beyond the scope of this thesis, 
Hach of the five clay minerals will be considered individually in the 
following paragraph with respect to relative interplanar spacing 
and various types of homo-ionic saturation. Both oven dried and hydrated 
forms will be discussed and a correlation will be made of the results 
obtained with the degree of homo-ionic saturation as reflected by the 
pH readings. 

In strict accordance with cationic radius, the interplanar spacing 
of the clay minerals should theoretically athere to the following sequence 
1) . 

(a) Oven Dried - Ca: K>Na H? 

(bd) Hydrated —- Na> K> Uva H? 

Prior to discussing the significance of this theoretical data, it 
may be well to list some of the inaccuracies, which enter into A-ray 
feritraction work: 

(1) Variations in the degree of homo-ionic saturation as reflected 


by the pH meter. 
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(2) Distortions due to specimens not being exactly centered in tha eamers 
in 211 orientations. 

(3) Unknown moisture content of both drv and hydrated specimen. 

(4) Discrepancies in reading the diffraction ring diameter - this 
iS primarily due to failure to measure the exact center of 
the band or ring. (An error of one millimeter will result ina 
difference in interplamir spacing of 0.08 A ). 

fy Error in measuring the exact distance from the center of the 
specimen to the plane of the film ir the cassette exposures. 

(6) Film shrinkage. 


(7) Human errors in.-computing interplanar spacings. 


HALLOYSI TE 

Relative Interplanar Spacings: Oven Dried Na \ K > H 5 Ca 

Hydrated Ks Na; Cad F 

Net change between corresponding oven dried and hydrated specimens 
due to swelling: K(0.22 A ) > Ca(0.18 A ) > Na (0) H (0) 

pH values of peptized clay solution: 

mis (175); NaOH (10.5); KOH (6.8); Ca0H (se. 7) 

KAOLINITE 

Relative Interplanar Spicings: Oven Dried Na H > Ca; K 

Hydrated Na > Cay o> K 
Net change due to swelling: WNa(0.29 A )}>H(0.18 A ) + Ca(0.04 A )> 
K(0.02 A ) 


pH values of peptized clay solution: HCL (0.75); NaOH (10.5); 


KOH (9.5); CaOH (9.0) 
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An analysis of the Halloysite and Kaolinite, both iembers of the Kaolinite 
family, reveals thit the maximum swelling that could possibly have taken 
place would be 0.22 A for the Halloysite and 0.29 A for the Kaolinite. 
Inasmuch as the Kaolinite family is normally considered to hive no 
swelling characteristics regardless of the amount and kind of cations or 
water content, (19), it is believed that these minor differences in 
interplanar spacings are due to errors discussed in the preceding 
perseraph . It is, therefore, concluded that the diffraction patterns of 
the Kaolinite family show an interplanar svacing of approximately 7.2 A 
and that the results obtained are substantially correct. 
ILLITE 
Relative interplanar snacings: Oven Dried: Na> K > H > Ca 
Hydrated: Na > H 7 kG 
Net change due to swelling: H(1.25 A )> K(0.72 A )>Na (0.35 A)» 
Ca(0.38 A ) 
BH values of peptized clay solution: HCL(1.20); NaOH (4.8); 
KOH (4.5); CaOH (4.9) 
A review of the diffraction patterns of the Illite sample indicates a limited 
degree of swelling which is oontrary to the results of previous 
investigators (21) who report that the Illites have no or extremely little 
swelling. further investigators have for some time held that the widest spac~ 
ings of lllite isapproximately 10 A (11). This immediately suggests 
the presence in the Illite sample of a small quantity of some type of clay 
mineral possessing an expanding lattice. It is, therefore, concluded that 
this sample includes a small quantity of Montmorillonite. The statement 
regarding the quantity of Montmorillonite is based on the relatively 


small amount of swelling commired to the considerable swelling found in 
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relatively oure Montmorillonites (11 and 24). A comvarison of the 
relative degree of swelling with respect to the homo-ionic saturation 
is difficult to make. First, the pH values indicate only a partial 
saturation of the Na, K and Ca cations and second, the small differences 
found in the interplanar sracings may be rartially due to discrepancies 
referred to previously. It does, however, appear that the Illite sample 
in its "as received" condition comtaimed e high concentration of H ions, 
which were not completely replaced by the Na, K and Ca cations. Hence, 
the relative variations in the interplanar spacings would reflect the 
presence of the H as well as other partially saturated ions. In conclusion, 
it may be stated that Illites are poorly adapted to X-ray diffraction 
procedure. This finding was confirmed by Hellman, Aldrich and Jackson (20), 
and Barshad (23). 
MONTMORILLONITE, GOUGH CLAY 
Relative internlanar spacings: Oven Dried Ca> Na> H>K 
Hydrated H> Nao Ko ea 
Net change due to swelling: K(3.47 A”) ) H(2.96 A’) » Na(1.32 A’) > 
Ca(.03 A”) 
pH values of pevtized clay solution: HCL(3.2); NadH (10.8); KOH(9.0); 
CaOH(9.0) 
The relative interplanar spacings of the oven dried sanples saturated 
with the various ions shown above appear to be relatively consistent 
with the theoretical spacings given in the first paragraph of this section. 
The increases in the interplanar snacing brought on by the increased 
diameters of the hydrated ions follows the sequence that would normally 
be expected for a clay mineral with an expanding lattice. It might be 
noted that the pH values of the pentizing agents in this case are in 


accord with the results of Hosking (12) and, therefore, indicates 
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complete homo-ionic saturation of the clay mineral. 
MONTMORILLONITS# BENTONITE 


Relative interplanar spmicings: Oven Dried sae 


os 


> Na > Ca 
Hydrated Kop Ca a 
Net changes due to swelling: K(7.27-A ) > Ca(6.23 A“) > H(2.81 A ) 
Na(2.18 A ) 
pH values of Peptized clay solution: HCL(0.9); WaOH(3.6); KOH(3.8); 
Ca0H( 3.6) 

Prior to discussing the relative interplanar distances of the various 
homo—ionic saturated specimens, it is desired to emphasize the extreme 
acidic pH value of the H saturated Bentonite. This strongly suggests that 
this clay was highly saturated with hydrogen ions in nature. Further, it 
will be observed that the alkalinity of the peptized clay solution is far 
under that reported by Hosking, which indicates that the degree of homo~— 
ionic saturation is considerably less than maximum. This phenomenon can 
be explained by the inability of the basic ions to completely replace all 
of the hydrogen ions. It is, therefore, to ve expected that the inter-— 
planar spacings'-will be -erratic. In the oven dried patterns, the smallest 
spacing was found in the calcium saturated specimen which suggests that 
relatively few calcium ions are attached to the clay particles. This 
observation will be further substantiated in the case of the hydrated 
calcium specimen. The hydrated spacings further bear out the limited 
aqegree of ionic saturation. It will be noted that the potassium clay has 
the widest interplanar spacing. This would normally be considered to be cons: ..7 
trary to any theoretical expectations. However, as mentioned previously, 
these specimens all undoubtedly had a considerable quantity of hydrogen ions 


on the surfrce and 2 corresponding limited number of basic ones. Further 
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Baver (11) states that "there is a decreased swelling as the K ions in the 
system increases”. It is therefore concluded that the large number of H ions 
coupled with the increased swelling of the small number of K ions accounts 
for the large interplanar spicing of the K saturated specimen. The hydrogen 
saturated specimen occupies the position that would normally be expected 
where the soil has previously had a high degree of H saturation. On the other 
hand, the position of the sodium strongly points t an extremely linited 
saturation with Na ions. From this discussion, it may appear that these 
Pts are of limited value. This is not considered to be the case, 

Since the relative differences in interplanar spacings between the smallest 
and largest is not great. Moreover, the high degree of swelling 2nd the 
accompanying large interplanar spacing of this sample, regardless of the 
anount or type of cation, is 2 distinct characteristic that is found only in 
montmorillonite clays (3, 11 and 24). 

Other investigators (10) have reported that the character of the 
innormost ring of montmorillonites is an indication of the nature of the 
adsorbed ion, that is,a sharp ring denotes that a clay is s2turated with 
only one ion, whereas 2 broad diffuse ring indicates saturation with a 
mixture of ions. The variations in the character of the inner ring as 


found in this study, were inconclusive, unless it can be said that 


the specimens were primarily saturated with hydrogen ion with a limited amount .° 


of the basic ions. This conclusion is partially substantiated by the findings 
of certain previous investigators (10, 11, 13, 21, 22 and 24). 
DISCUSSION OF STANDARD X-RAY DIFFRACTION PATTERNS 

The standard diffraction patterns produced in this investigation 4s 
shown in APPENDIX B are sufficiently varied among the principal clay 
mineral families to suggest easy identification of an unknown clay nineral 
by comparison with the aforementioned standard diffraction patterns. In 
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view of the overlap of interplanar snacings in the oven dried state, it 
seems necessary to prepare snecimens of the unknown in both an oven dried 
and hydrated form. In addition,to aiding identification, this procedure 
would permit an evaluation of the swelling characteristics of the unknown 
clay sample. 

It is not considered that the data obtained for the homo-ionic 
saturated Illite and Montmorillonite, (Bentonite) specimens is sufficiently 
conclusive to permit positive identification of the type of ionic 
Pee ation: however, it is questioned whether the possibility of finding 
a one hundred percent homo-ionic saturated clay in nature is sufficient 


to justify such 2 comparison. Further, such 2 comparison for clays sat— 


urated with different ions whose valence and dehydrated and hydrated radii 
are similar, such as Mg ** and Ca*’ might prove misleading. 

The Hanawalt method (10 and 15) of identification of clay minerals 
by comparison of interplanar svacings and intensities with those given on 
the limited number of available ASTM Index cards, was used for all samples 
investigated except Illite for which no cards are available. Inasmuch as 
the cards did not give any indicntion of the moisture content, ion content 
or origin of the clay mineral, such comparison was necessarily difficult, 
Based on the assumption that the cards were vrevared for oven dried samples, 
comparisons were made with oven dried diffraction patterns obtained fron 
this investigation. An illustration of this method with the comparisons 
made in this study is given in APPHNDIX C. It might be stated that 
Schieltz (10) reports that comprrisons within ~ 0.05 A should be 
consicered as being satisfactory. Schieltz further reports that 


intensities of lines are effected to a considerable degree by the relative 


amount of exposure. It will be noted that in the case of Holloysite, 
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Montmorillonite Gouge Clay and Montmorillonite Bentonite, the comprrisons 
are only approximate. This is probably due to unavailability of index 
eards for specific samples used in this work or sufficient cards to 
obtain an adequate cross-section of the many variations found in each 
mineral. 
EVALUATION OF THE TAeCHNIQUE EMPLOYSD BY DEARTH AND WILLIAMS 
In general, the technique used by Dearth and Williams appeared to be 
satisfactory. A brief discussion of the principal changes and/or suggested 
Miprovenents enployed in this investigation is as follows: 
(1) CENTRIFUGING 
The centrifuge was found to be an invaluable aid in 
materially reducing the time required to prepare sample 
specimens. This improvement eliminated any need for 
filtering. In addition to the time consideration, 
centrifuging removed the problem of losing fines thru their 
Berne retained on the filter paner. 
(2) LOSS Of MOISTURE IN HYDRATED SAMPLES 
The procedure of storing plastic tubes containing the 
hydrated specimen in test tubes filled with distilled water 
reduced the time consumption in specimen premration and 
preserved the samples in a hyirated state for an indefinite 
period. This technique permitted greater flexibility in X-raying 
the specimens. 
(3) PREPARATION OF PLASTIC TUBES 
It is believed that slightly lerger tubes, 0.025 inches, 
gives equally accurate and better definition in the 
diffraction patterns. These larger tubes also have the advantage 


of being more rugged and easy to hindle. 
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(4) SUBSTITUTION OF COLLODION FOR DUCO CEMENT IN PREPARATION OF 
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THs EXTRUDSD SAMPLES 
This consideration is somewhat minor, but the fact that 
collocion is more fluid and sets up more rapidly makes it easier 


to handle and justifies its use. 


IDENTIFICATION OF CERTAIN UNKNOWN CLAY MINSRALS: 

An analysis of the ciffraction wmtterns of four unknown samples, 
specinens of which were prepared in the oven dried and hydrated "as 
received" states with 1 discussion concerning their identity is presented 
as follows: 


(a) Corning Hill Area, Intersection New York State Thruway and U. S. 


Route 9W (82 foot depth) 


State Maximum Interplanar Smcing 
Oven Dried ep Overt 
Hydrated 4.24 A 


(b) Corning Hill Area, Intersection New York State Thruway and 


U. S. Route 9W (152 foct depth) 


state Maximum Interplanar Spacing 
Oven Dried 4.38 A 
Hydrated 4.5L A 


(c) O01 Mill Hill (Refractory Clay Bleau Brickyard) Troy, New York 


(15 foot depth) 


State Maximun Interplanar Spacing 
Oven Dried Yeo. A 
Hydrated 4,56 A 


(ad) New R.P.I1. Dormitory Area, Burdette Avenue, Troy, New York 


(15 foot denth) 





State Maximum Interplanar Spicing 
Oven Dried 4,39 A 
Hydrated 443A 
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It will be observed that none of the unknown clay samples indicate 2 
large interplanir spacing suggesting the absence of an inner ring. The 
presence or absence of this inner ring was considered so significant, and 
will be brought out Inter, that every means possible was used to confirm 
its presence. Slow runs on the densitometer, a deviae for deternining 
the density of the lines, indicated that none of the four simples had a 
trace of an inner ring. Further, that the swelling characteristics 
of these clays as they exist in nature is minimum. This study indicated 
that the interplanir spicings of the four unknown samples lie ina very 
limited range. Consequently, they will be treated as a group for 
identification purposes. A comprrison of the diffraction patterns with the 
standard patterns prepared in this investigation immediately suggests the 
presence of Illite, which has a predominince of ions possessing low 
swelling characteristics such as calcium. This initial clue is further 
borne out by the rather grainy mttern obtained from the four samples, 
which is in agreement with the results of previous investigators. It may 
be stated thit this grainy appearance of the diffraction pattern was not 
found in Any mineral other than Illite which was studied during this 
investigation. The lack of an inner ring, which is nornally obtained fron 
relatively pure Illite samples, indicates the presence of other types of 
clay minerals, which are either masking or materially effecting the 
patterns obtained. The small amount of swelling and small interplenar 
spacing leads to the conclusion that the Illite must be mixed with 
considerable quintities of Kaolinite which in itself has no swelling 
characteristics. This is further substantiated by the fact that previous 
investigators (21) have found that even small quantities of Montmorillonite, 
due to the small size particies and loose bond between crystals, causes 
noticeable swelling effects in the clay mineral when these are present. 
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This conclusion appears to be reasonable inasmuch as the four samples were 
ali obtained within .~n area of eight miles coupled with the fact that the 
clay minerals underlying the entire Hudson Villey were forned from marine 
deposits. 

This discussion underlines statements made by many previous workers 
in Xeray diffraction (2, 10, 17 and 20), that the X-ray diffraction method 
5 not in itself a solution to all soil studies or, for that mtter, for 
identification alone. Its use is considerably enhanced if used in con- 
junction with other methods, such as spectrographic, microscopic, differential 
thermal analysis and chemical procedures. This is especially true for 
investigations of certain types of complex minerals or mixtures. Previous 
investigators have often found it necessary to purify complex simples prior 
to using X-ray diffraction methods. It has been found that optical data 
from microscopic neasurements can materially reduce the time and l»bor by 
Aiding in the selection of the standard pattern to be used in comparison. 
Nature, in forming crystals, often indiscrimimately utilized any available 
2tons or ions which are reasonably sinilar in size so long as the structure 
is kept in equilibrium. Thus, we have crystals with numerous 
substitutions, which are referred to as “half-breed" depending on the 
mechanism by which the structure maintains neutrality and perpetuates 
itself. As a result of sucn partial substitutions, the refractive 
indices must be expressed as ranges rather thin in terms of definite values. 
This variation in chemical composition with resulting changes in lattice 
Gimensions causes differences in line intensities, shifting of lines, 
appearance or disappearance of lines and other chinges in X-ray diffrac— 
tion patterns. Thus, the establishment of 2 standard set of patterns fron 
certain naturally occuring and commonly found clay minerals serves only to 


provide 2 starting point in any identification work. 
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In the preceeding section, a brief discussion was given concerning 
efforts to identify sample sedinents obtirined from various oil bearing 
sedinents underlving the U. S. Naval Shipyard, California. Study of 
these sediments indicated a predominance of Quartz, Mica and other 
unweathered primry particles in the fine sand and silt range of particle 
Sizes. For 211 practical purposes, there is evidently complete absence 
of active mterinil in the form of secondary mineral (clay) particles. 

It has been adequately demonstrated that sand and silt possess little 
surface activity, and therefore, contribute little to many of the 
physical characteristics of soils (11). This small surface activity my 
be attributed not only to a relatively low specific surfnce when compared 
with clay particles, but also to the chenical and minerrlogical nature of 
these coarser semarates. It is concluded, therefore, thit the sample 
sediments are primarily quartz or other unweathered primary minerals, and 
that there would not be exhibited any marked physical or chenical activity 
due to their presence. 

From the foregoing, it avpears that the introduction of either raw, 
or chemically treated sea water into these sediments would not result 
in appreciable swelling or reduction in permeability. It anpears, therefore, 
that there will be little or no effect uvon the permeability of these 
sediments under 1 program of water repressuring which has been proposed 


as 2 remedial measure in connection with the land subsidence in this area. 
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APPENDIX B 
Diffraction Patterns 
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Halloysite - As Received — Oven Dry 


Radius Order of Interplanar 





Ring Ne. in em. Intensity Distance (A) _ 
I, 2905 1 (ero e) 
Zs £905 10 LL. 38 
3 SS 2 4.55 
by M26 3 268 
D Lee 5 Zot, 
6 955 6 Zest 
7 22 AIL Cue 
S 22205 iz 205 
3) Coe 13 eaeoel 
10 2aS 7 We fe 
i et by 1.49 
12 D055 8 122g 
.« 1225 2S 2Sh Se es ee 
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halloysite —- As Received — Hydrated 
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Radius Order of Interplanar 
Ring No. in em. _Intensity Distance (A) _ 


e .60 2 180 
2 (0: 1 434 
3 25 + 3.55 
Ly Le 5 2.52 
5 75 6 2°26 
G 2.325 10 1.93 
7 Zeal 7 1.62 
rs) 3.185 3 1.45 
y 3.74 8 1 8 
10 3.935 9 ee 
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Halloysite — H Saturated — Oven Drv 


rm ee eee ee 


Ring “Radius Order of interplanar 


_ No, in cm. Intensity Distance (A )_ 
ut Meal als U9 
2 935 12 Nias 
3 eee 2 34 
LL 2S ze B54 
5 ie HS 5 25 l 
6 1.97 6 2eee 
Wi 2205 Ine 2a 
fe) Pape or 5 86) LO? 
9 2.545 eae ES 
10 Car i. 1.63 
11 3.17 4 1.46 
liZ bis: 8 1226 
13 3.975 9 Poe 
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Halloysite — H Saturated — Hydrated 
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Ring Radius Order of Interplanar 
No. __in cm. Intensity Distance (A )_ 





i om 2 WS. 
2 98 1 4.51 
4 pe ol by 3.64 
Ly eve 5 2.59 
5 1.905 6 2.34 
6 24695 7 1.68 
i Bes 3 1.49 
8 BOSS 8 nee. 
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Halloysite — Na Saturated ~— Oven Dry 


ee ee ee ome et em 





No, _in_cm. Intensity Distance (A ) 
1 59 2 7.48 
Zz de 1 4,38 
5) dpe . Boe 
a 1.745 6 295 
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7 Sie Ly 1.48 
8 Se 8 eee 
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Radius Orcer of Intexplanar 

in em. _ Intensity Distance (A )_ 
59 1 7.48 
29 2 4.48 
1.195 3 3.68 
7S 5 2.60 
S75 6 Zale 
1 F515. 10 22 
2ae75 alee 2.06 
2.46 We 1.83 
2.69 fe 1.69 
SRC? 4 Leas, 
BeOe 8 bee 9 

Leen... A... ee ee 


—_ 


eee ee 





Hallovsite -- Na Saturated —- Hvdrated 
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Ring. aadius _ Order of Inte rplanar > 
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Ring Radius Order of Interplanar 
_No. in cm. _ Intensity Distance (A ) 


l .60 i 7-30 
2 93 13 4.74 
3 ly fone 2 4.38 
4 1 26) 3 Bio. 
5 1.745 5 55 
6 1.925 6 2eae 
a Ce 10 2.24 
8 2.245 ral 27 on 
Yy PARAS: 12 La7g 
10. Bare y 1.65 
ll 3.145 4 1.47 
12 (3 19 1.33 
13. 3.69 8 Lazs 
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Halloysite — K Saturated — Hydrated 


Ring Radius Order of Interplanar 





No. incm. Intensity Distance (A ) 

it 505 2 Tae 

2 90 8 4.89 

3 eee: u oe 

yy ize 4 Sey 

5 1.69 5 2.64 

6 L375 6 APSO 

7 2695 e 168 

8 307 3} aoe 
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Halloysite — Ca Saturated — Oven Dry 
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Ring Radius Order of Interplanar 
No. in cm. Intensity Distance (A) _ 
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1 615 il le 
2 95 10 4.68 
3 03 2 4.29 
yy 5 3 bios! 
5 780 6 2.51 
6 Rf 25) 5 2.25 
7 2.085 thal Amal 
8 2.295 12 1.96 
3) Cie IS 76 
1G. “2260 2 63 
11 3.195 4 1.45 
12 3.75 8 be2o 
US ee 8S) 3 0 eee 





Malloysite —- Ca SAbirated — Hydrated 


Ring Radius vuraer of Interplanar 
melo Sigrenie Intensity Distance (A) _ 


i .60 7200 
2 98 1 4.51 
3 1.215 2 3.62 
yy 1.655 ly 2.68 
5 ey 5 2.38 
6 Cee B 2503 
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EO LAO een ee | ee 
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Ring Radius 
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Kaolinite —- As Received — Oven Dried 


Order of Interplanar 
_No. in cm. Intensity Distance (A_)_ 


210, 
41 
Soe 
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ha is 
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94 


Faolinite -—- As Received — Hydrated 


‘Weaiud Wrder or Py interplanar 
istance (A ) 





H635 nt 6.9 
045 2 a es 
265 5 3.50 
.305 4 2.48 
965 5 PTY, 
ioe § 1,94 
moni 7 1.625 
.06 9 1.51 
19 6 1.45 
a) ZoF 
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Kaolinite — H Saturated - Oven Dry 
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Ring Radius Order of Interplanar 


No. incm. Intensity Distance (A _) 
1 005 2 (MS 
2 LO 1 bY 
3 Ieee 3 3.64 
4y 1.745 ly 2.56 
5 E2905 5 2.34 
6 2.245 8 2e0u 
Hi 2.295 9 1.96 
8 2.36 10 ASHE 
9 2.45 jg) 1.84 
Meme es 12 1.80 
el 2ave fs 1.68 
1 3.03 6 150 
ik Seo Ws 132 
14 Oe ek LS LeaZe 
35 3.80 1 2he 
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Kaolinite — H Saturated — Hydrated 
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Ring Radius Order of Interplanar 


_No. incom, Intensity Distance (A ) 
1 61 p ee 
2 995 a 45 
3. «1.205 3 3.66 
io jege 10 ky 
§ 1,725 4 2.58 
6 1.865 5 2.40 
7 2am 3. A 65 
Beene 6 nor 
9 2.94 9 MEA SIe 
Oy OGM ee pee ne SO... 
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Kaolinite — Na Saturated — Hydrated 
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Kaolinite —- Na Saturated — Oven Dry 
Ring Radius Orderso1, Interplanar 
_No. | in cm. Intensity Distance (A ) 
1 2550 4 Fae ote 
2 63 3 6.98 
3 Poe 2 4, 34 
4 1.24 i BG 
5 ee 6 2.52 
6 12925 c Ze Oe 
i 2.26 A) roe 
8 a |) 7 eS 
5) 22035 9 1G 
10 2.005 18 1.54 
tae 3S 8 1.48 
a2 Sore 15 ase 
is 3.62 14 es |e 
14 3.68 Ie L226 
moe pee IZ Ele 
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Ring Radius Order of Interplanar 
_No. _ in cm. Intensity Distance (A _) 

1 aye. 5, (eo 

2 66 2 6.62 

3 Locus il 4. 35 

4 1S am: Be: 

5 1265 10 3.49 

6 Lee uy 2.50 

7 1.3895 5 2505 

3) 220 8 2.14 

9 Cars ? eeer7 

10 B30 6 Leo 

Lab Bae S 9 29 

12 Be evl iy 1.24 

IG ee 1.79 





Kaolinite — K Saturated -— Oven Dry 


ing Radius Order of Interplanar 
__ Intensity Distance (A_) 
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she! 
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WW MDH BH HH HY 
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ee Benne 
seul 
SOUS 
apes S 
224 
.60 
78 


em mM COONO AWN Sw FD 
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Order of 
_Intensity Distance (A ) 
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Tce 
4.27 
2.62 
Bis | 
255 
Be Ne: 
2.02 
1.68 
1550 
ee / 
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Kaolinite -— K Saturated — Hydrated 


Interplanar 

1 7219 
2 4.35 
1S) 3.84 
5 3.56 
14 2570 
4 rapes 19, 
5 PA 53k 
13 2.24 
8 1.96 
12 1.76 
6 1265 
7 1.48 
jh Leg 
EO eer 

Been alter 
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Ring Radius 
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see 
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soul 
24 
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08 
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80 


Ring Radius Order of 
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Kaolinite -— Ca Saturated ~ Oven Drv 


Interplanar 
No. in cm. Intensity Distance (A_) 

605 3 7.28 
99 1 Rag) 
1 25 2 3.68 
1.42 14 al 
LES US 84 
7 4 a8 
1.885 5 By 
Paee> 8 02 
Ze 7 .68 
2.93 12 56 
3.04 6 52 
328 al Roe 
3.605 9 30 
36765 10 625 
n20 


Kaolinite -— Ca Saturated -— Hydrated 


interplanar 
tensity Distance (A ) 
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Diet 
4,34 
Gee 
eta 
2,34 
ALON 
1267 
1.50 
1. 34 
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Tllite ~ As Received — Oven Dry 
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Ring Radius Order of Interplanar 
No... inem. Intensity Distance (A ) 
1 49 > 3 9.06 
2 .925 4.79 
3 L200 2 Ly dy] 
4 oo st coast 
5 1.74 ly 2.56 
6 1.85 8 2.42 
7c 1.96 PERG 
8 ee PANS 
9 2529 10 7 
10 2 a5 G 1.80 
ll 2 eu 6 GZ 
12 3.015 4 ASS 
13 309 1.49 
14 3.325 lye 
15 3.42 1.36 
16 3.65 10 129 
a (anne: eee. we ae ore 


m= 2 = 


= t 
aii 


Tllite —- As Received — hydrated 


Ring Radius Order of Interplanar 
_No. in cm. Intensity Distance (A _) 
. i 80 3 19.85 
2 965 2 5.72 
3 ime? 1 3.48 
di, E56 4 2.84 
5 2.00 5 2.22 
OF Seen ar Ol. 8 
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Tllite - H Saturated -— Oven Dry 


Ring Radius Order of Interplinar 


No. ._in cm. Intensity Distance (A ) 
1 i 3 8.51 
2 1.05 2 4.21 
5 13235 Bost 
4 1S YZ; 1 Baal 
5 ECS, 5 2.49 
6 1.905 6 2.34 
7 2.04 22 
3 2520 9 2.04 
9 2.35 5 1eoZ 
10 2.585 a oe, 
11 =. 2.88 12 1.59 
12 3.095 11 1.49 
130 -3hae 10 1.46 
1 3.51 4 1.33 
1S | 3.g8 1.26 
16 3.895 ee ee 
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Tllite — H Saturated - Hydrated 


Ring Radius Order of Interplanar 


No. __inem. _ Intensity Distance (A ) 
‘3 i 5) 3 9.75 
D 5 2 4 U6 
3 I Byz Ih G05) 
by lege Ly 2.56 
5 1.87 6 2.39 
6 2.02 7 2. 2h 
Y, oie 8 oe ke 
3 2.30 1.96 
a. . ee A ee 0 
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Illite —- Na Saturated -— Oven Dry 








Ring 


Radius 


oo 
.89 
5025 
35 
o> 
. 88 
04 
. 16 
- 33 
52 
5182 
08 
5 
49 


WJ Ww GD DO DN th Ro es 


WO to N eS Oy 


OO ~J ON 


Interplanar _ 


g¢ 


Ring Radius Order of 
0, __ in en. Intensity Distance (A) 
1 42 3 10.48 
2 855 5.14 
3 noes 2 4.54 
4 125 it 3.45 
5 1.65 2.70 
6 1.78 2.51 
2 1.93 Zoi 
8 2.045 2.20 
9 2.19 8 2.05 
10 it 9 ee ey, 
11 2.65 5 172 
12 2.885 1.58 
13 2.08 7 age 
14 Baee5 6 1.42 
15 3.535 10 La 
16 3.685 1.28 
Lz 3.76 1.26 
18 3.870 ize 
19 _3..94 a eee al 


eee ee ee 


Tllite —- Na Saturated - Hydrated 


Order of Interplanar 
incm. Intensity Distance (A_) 


3), 015) 
4.96 
4.32 
3.27 
ZA: 
Zao 
Cee 
2007 
ee 
50 
eye 
i 0 
1.47 
aL: 
1.27. 
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Tllite — K Saturated — Oven Dry 


Ring Radius Order of Interplanar : 
_No. in cm. Intensity Distance (A _)_ 


1 49 ly 9.04 
2 95 3 4.66 
3 12085 2 4.40 
Ly 1.u5 Baie) 
5 1.28 ie 3.45 
6 1.997 5 Dae 
7  ~=-1.975 6 2.51 
8 2.04 Cree 
9 Papa 1O 2.08 
10 Zens 7 Loe 
tall 2.68 11 A RA7A6, 
iZ 2.895 1,58 
13. 2.975 8 1.55 
14 3,29 9 cee 





Illite ~ K Saturated - Hydrated 


Ring Radius Order of Interplanar _ 
No. in cm. Intensity Distance (A ) 


- l 95 2 9.74 
2 Lon 3 4,38 
3 Less i SS 
oy 1.745 Ly 2.56 
5 1.86 a: 2.40 
6 2.00 8 Qee 
7 2.125 9 rae tl 
8 2 10 1.95 
9 2.965 fie 1 55 
LOM 9302 ne Ss 
li oe 5 “ 49 
12 3.42 6 ao, 

el) ecoee, ols... Vee 
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Illite - Ca Saturated — Oven Dry 


Ring Radius Order of interplanar 
No. in cm. Intensity Distance (A ) 

1 = ae ae 

2 1 S07 3 43 

3 1.095 2 4.02 

Ly bY i 34.22 

5 LoD 4 249 

6 1.895 5 2206 

7 2.045 eee 

8 Awlee 207 

Y 2) D 1.92 

10 2.45 185 

Ua 2350 10 Nay) 

12 2.05 6 1.60 

13 3.085 9 1.49 

14 Bier 8 1.46 

i} 3.48 7 1.34 

16 SIE 5 2) 11 1326 
APRS lc) ee Sy - ioe 


Tllite -— Oa Saturated -— Hydrated 


eee a a ee 


Ring Radius Order of Interplanar 
No. in.cm. Intensity _ Distance (A )_ 


ik — — = _ — SS a 
2 .985 2 4.51 
3 1.24 1 3256 
ly 13705 3 2 on: 
5 1.805 4 2.48 
6 1.96 5 2.28 
7 2204 6 Zale 
8 25225 ? 2.02 
9 2.39 8 1.88 
1c 2.44 9 1.85 
IL 2k 10 1.66 
12 2 onl il eye 
13 Be 02 12 i552 
14 3.33 3 1.40 
we) es ee SS LE re es ee 
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Montmorillonite (Gouge Clay) -As Received - 


Oven Dry 
Ring Radius Order of 
No. yey thin Intensity 
ae! 645 l 
2 ee D0 2 
3 1.26 4 
4 1.36 
5 1.475 5 
6 15S 
7 sO Ate 3 
8 97 
9 2.16 
10 236 
Tal 2.415 
12 2619 8 
i 2555 
14 AOS fas. 7 
15 3.04 6 
16 3.145 9 
8 Eo 
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fn oo ee en oe ee oe 
Wr 
wr 


14.31 
4.4) 
g25 
3.24 
3.00 
Amol 
apc y 
Caco 
2.08 
1.91 

coy 
63 


Interplanar _ 
Distance (A ) 


Montmorillonite (Gouge Clay)-As Received - 
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Hydrated 
Radius Order of 
ee Cin Uncensiai 





deo res wl 
4.33 
2.47 
yas: 


eS 


Interplanar 
_. Distance (A) 











Montmorillonite (Gouge Clay) - H Saturated - 


Ring Radius 


Oven D 


Order 


ry 


of Intervlanir 


_No. _incm. __ Intensity Distance (A _) 





a 605 1 15 anG 
2 66 9 646. 
3 £925 4, 83 
by 1.02 2 4.33 
5 1.305 6 3.39 
6 1 535 2.88 
? 1.83 3 2,44 
8 2.09 Dae 
9 2.45 il 1.85 
10 2.81 10 1.62 
ie 2.955 1.55 
IZ 3.085 5 1.50 
ig 3.420 by 1.45 
14 3.685 7 1.28 
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LS Jeon) 1.24 





Montmorillonite (Gouge Clay) — H Saturated - 


Ring Radius 
No. im sem 





eelIsce tte 





Hvdrated 
Order of Interplanar 
Intensit Distance (A ) 
K Teeaiel 
2 4 U9 
3 2.98 
a ee 
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Montmorillonite (Gouge Clay) —~ Ne Sautunated— 
Oven Dry 


. Ri ne 
_ No. 


Radius 
et) CIne 


55 


P00 


ees 


1.365 
1.615 
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OOS) 
2 Neh. 


Zafe 
3.04 
Bio et 
Bo 7 


os 


Order of 
_. Intensity 


1 
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ie 


Interplanar 


Destanee i 


156 


L141 
Blas 
SAS 
Pa eas 
2.50 
2.415 
1.89 
1267 
Loe 
te 
1.28 
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Montmorillonite (Gouge Clay) -— Na Saturated - 


Ring  Hadius 
Noir... Wien ol 

1 544 

é ao), 

3 1.255 

4 1.725 

5 2 67 

6 36S: 

if) 3.64 
. a eo 
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Hydrated 
Order of Interplanar 
__ Intensity____ Distance (A _) 
aL ee 
Z 4.48 
3ac 
3 2558 
4 1.72 
5 heel 
Lawes 
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Montmorillonite (Gouge Clay) -— K Saturated - 


Oven Dry 
Ring Radius Orde nson Interplinir 
_No, _incm, ___ Intensity _ Distance (A )_ 
. il cue 1 13.31 
2 1.00 2 yt) 
3 1s2e 3.45 
Ly 1.36 3.24 
5 1 vee 3 2.56 
6 1.83 2. Yit 
7 2507 aa: 
8 Daas , LS 
9 2292 7 67 
10 3202 4 lee 
11 3.15 6 1.47 
12 3.65 1.29 
3 OL ~ le eK 









Montmorillonite (Gouge Clay) — K Saturated) 


Hydrated 
Ring Radius Order of Interplanar 
, Noni nics Intensive Distance ae 
i d AGS il 16.78 
2 Bey, 2 4.48 
3 1.25 3 Sap): 
4. Lease Ly Bec 
5 1.685 2.64 
6 130 2.48 
7 2. ie 2, an 
8 2 ee 1.66 
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Montmorillonite (Gouge Clay) - Ca Saturated - 
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Order of 
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Interplanar 
_ Distance (A) 


To. 32 
4.23 
3.40 
a 3 
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1.62 
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1 Us 
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Montmorillonite (Gouge Clay) — Ca Saturated - 
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_ Intensity _ 
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Distance (A_) 
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Montmorillonite (Bentonite) — As Received — 
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.lntensity Distance ( A) 
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Montmorillonite (Bentanite) — As Received — 
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Ring Radius 
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Montmorillonite (Bentonite) — H Saturated -— 


Oven Dry 
Ring Radius Order 9f Interplanar 
No. | in cm. Intensity Distance (A ) | 
Zi 59 15.70 

2 moi) 4.95 

2 ~945 1 4.70 

2 1.23 7 Slee 

5 Liao 8 Coon 

6 1.69 Z 2202 

7 1.945 ence 

8 2.195 2.05 

9 268 > a 5 
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Bs Be 4 Hh aa 

a Le eS 6 





Montmorillonite (Bentonite) -- H Saturated — 
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Montmorillonite (Bentonite) — K Saturated - 
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Corning will Aren Intersecticn, New York Thruway and U. 5. 
Route 9“W, Albany County, N. Y. (82! depth) 
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Corning Hill Area Intersection, New York Thruway and U, 5. 
Route 9W, Albany County, N. ¥. (62' depth) 
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Corning’ Hill Area Intersection, New York Thruway and U. 
Route vW, Albany County, N. Y. (152' depth) 
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Corning Hill Area Intersection, New York Thruway and U, 5S. 
Route 9W, #lbany County, N. Y. (152! depth) 
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Oil Mill Hill (Refractory Clay, Bleau Brickyard), 
(15! devth) As Received — Hydrated 
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New R.P.1I. Dormitory Area, Burdette Avenue, Troy, N. Y. 
(15' Depth) As Received ~— Oven Dry 
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APPENDIX C 
Comparisons of Stindard X-ray Diffraction Patterns 
with ASTM Index Cards 


Bedford, Indiana Halloysite (H-12) Diffraction Pattern 


Ring Radius Order of Interplanar 
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Macon, Georgia — Kaolinite (H-4) - Diffraction Pattern 


Ring Radius Order of Interplanar 
No. incm. Intensity = Spacing (A) 
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ASTM Index Card for Kaolinite 
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Pioche Nevada, Montmorillonite (Gouge Clay) H-32 
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King Radius Order of Interplanar 
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ASTM Index Card for Montmorillonite (API-16) 
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Otay, California © Montmorillonite Bentonite (H-24) 
Diffraction Pattern 
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ASTM Card for Montmorillonite (API-15) 
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